We report a case of clinically aggressive reticulum cell sarcoma with mixed follicular dendritic cell (FDC) and fibroblastic reticular cell (FRC) features. Histologically, the tumor was confined to lymph nodes occurring as a multifocal epithelioid and spindle cell proliferation with appreciable mitotic rate and numerous admixed non-neoplastic B-cells. IDCs have a primary function in antigen presentation in the interfollicular zones of the node and differentiate from Langerhans cells migrating from skin or from bone marrow-derived precursors (2). FRCs form a diffuse extrafollicular network that guides cell migration within the lymph node (7). Nodal sarcomas have been described that are postulated to arise from each of these different reticular cell populations. These include CD21-and CD35-positive FDC sarcoma (8) and S100-positive IDC sarcoma (9 -12). Recently, several groups have reported nodal sarcomas of possible FRC lineage (13-15). However, some of these tumors have been incompletely studied, with only limited antigen profiling and ultrastructural analysis. Thus, the range of features associated with FRC sarcoma is not yet clearly delineated. Here, we report the first morphologic, extended phenotypic and genotypic characterization of a case of primary lymph node sarcoma with mixed dendritic and fibroblastic features.
Lymph nodes contain a heterogeneous population of stromal cells with reticular morphology. These include antigen-presenting follicular dendritic cells (FDC) within the lymphoid follicle; interdigitating reticular cells (IDCs) related to the myeloid/monocytic lineage, and interfollicular fibroblastic reticular cells (FRCs) of mesenchymal origin (1) (2) (3) (4) . The FDC population includes multiple immunophenotypically distinct subsets of stromal cells within the lymphoid follicle and mantle zone that regulate distinct stages of B cell differentiation (5, 6) . IDCs have a primary function in antigen presentation in the interfollicular zones of the node and differentiate from Langerhans cells migrating from skin or from bone marrow-derived precursors (2) . FRCs form a diffuse extrafollicular network that guides cell migration within the lymph node (7) . Nodal sarcomas have been described that are postulated to arise from each of these different reticular cell populations. These include CD21-and CD35-positive FDC sarcoma (8) and S100-positive IDC sarcoma (9 -12) . Recently, several groups have reported nodal sarcomas of possible FRC lineage (13) (14) (15) . However, some of these tumors have been incompletely studied, with only limited antigen profiling and ultrastructural analysis. Thus, the range of features associated with FRC sarcoma is not yet clearly delineated. Here, we report the first morphologic, extended phenotypic and genotypic characterization of a case of primary lymph node sarcoma with mixed dendritic and fibroblastic features.
Immuohistochemistry and Electron Microscopy
Immunostains were performed on formalinfixed, paraffin-embedded tissue sections using the avidin-biotin-peroxidase complex method in a DAKO Autostainer (Carpinteria, CA). Sections were stained with monoclonal antibodies to vimentin (V9, DAKO, 1:25 dilution), desmin (D33, DAKO, 1:100), smooth-muscle actin (1A4, DAKO, 1:3,000), muscle actin (HHF35, DAKO, 1:3000), CD1a (NA1/34, Immunotech, Westbrook, ME, neat), CD5 (4C7, Novocastra, Newcastle upon Tyne, U.K.), CD20 (L26, DAKO, 1:100), CD21 (1F8, DAKO, 1:50), CD23 (1B12, Novocastra, 1:15), CD31 (JC/70A, DAKO, 1:200), CD35 (Ber-MAC-DRC, DAKO, 1:10), CD40 (11E9, Novocastra, 1:20), CD54/Intercellular adhesion molecule-1 (Pharmingen, 1:10), CD68 (KP-1, DAKO, 1:100), CD105 (SN6h, Pharmingen, 1:10), CD106/ Vascular cell adhesion molecule-1 (VCAM-1, DAKO, 1:25), ALK kinase (ALK1, DAKO, 1:10) and CNA.42 (FDRC, Beckman Coulter, Fullerton, CA, neat). Tissue was also stained with a cocktail of three anti-cytokeratin monoclonal antibodies (AE1 and AE3, Boehringer-Mannheim, Indianapolis, IN, 1:200 and CAM 5.2, Becton-Dickinson, Mountainview, CA 1:5) that recognize a wide range of high and low molecular weight cytokeratin peptides, and with polyclonal antibodies raised in rabbits to CD3 (DAKO, 1:100), and S-100 protein (DAKO, 1:700). The immunostaining was done using the LSAB2 peroxidase kit (DAKO). To enhance the immunostaining, a heat-induced epitope retrieval procedure was performed using a Black-and-Decker vegetable steamer with citrate buffer solution, pH 6.0. The antigenantibody reaction was visualized using 3-amino-9-ethylcarbazole or diaminobenzidine. Nonneoplastic lymph nodes were used to assess the immunohistochemical staining patterns of the above markers in nodal FRC and FDC. Immunohistochemical analyses of cultured cells was performed on subconfluent monolayers seeded in multi-well tissue culture slides, and fixed for 2 minutes in situ with 5% buffered formaldehyde or methanol, followed by immunostaining as above.
For electron microscopy studies, tissue samples from the initial resection specimen and recurrence were fixed in 2% glutaraldehyde, postfixed in 1% osmium tetraoxide and embedded in Epon epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate.
Cell Culture
Tumor cells from grossly involved portions of fresh lymph node were disaggregated, treated with collagenase and seeded in Dulbecco's modified Eagle's media with 20% fetal bovine serum and L-glutamine. Adherent cells from the primary tumor samples were passaged and later cloned by limiting dilution to establish a pure tumor cell population. The relationship of the passaged material to the original tumor was investigated by cytogenetic analysis. For comparison of gene expression pattern, identical short-term stromal cultures were similarly established from disaggregated stroma from benign lymph nodes of four different patients. Under these culture conditions, there was selective expansion of fibroblastic-appearing stromal subsets. Lymphoid, macrophage and terminally-differentiated dendritic cell populations were not maintained in culture by passage 3 (DJ, unpublished).
Karyotypic Analysis
Cytogenetic analysis was performed on a fresh sample of tumor obtained from disaggregated tissues, cultured for 4 days (in the absence of mitogens) with harvest of the adherent cell population. Karyotypic analysis of G-banded metaphases was performed according to standard procedures. Multicolor spectral karyotypic analysis (SKY™) was subsequently performed on the G-banded metaphases following hybridization with 24 fluorescently-labeled chromosome painting probes (16) . Spectral classification of each chromosome was automatically performed by the imaging software and a discrete pseudo-color assigned to all pixels within a given spectrum. Image acquisition was performed using a SD 200 Spectracube (Applied Spectral Imaging, Carlsbad, CA) using a custom designed optical filter. The SKY display image was compared with the G-banded karyotype to confirm the automated chromosomal assignments.
Transcriptional Profiling
Total cellular RNA was extracted from adherent cell monolayers (passage 2) using guanidinium solubilization/column purification (Ambion, Austin, TX). cDNA was obtained by reverse transcription of 2 g of total RNA with AMV-reverse transcriptase and 33 P-labeled nucleotides using gene-specific primers and hybridized to a commercially-available nylon filter gene array containing~375 cytokine and adhesion genes ("cytokine" array from R&D Systems, Minneapolis, MN). These filters contain duplicate spots for each gene as well as nine housekeeping genes for normalization of transcript level. Expression was quantified following autoradiography with correction for background signal and normalization to the level of expression of the housekeeping gene cyclophilin A. Data analysis performed with ArrayVision software (Imaging Resources, Ontario, Canada). Data were obtained from two separate cDNA labeling/hybridizations produced from the same RNA samples. For comparison of gene expression, passage 4 cultures from adherent stromal cultures from non-neoplastic lymph nodes were established from four patients. RNA was also extracted from these non-neoplastic lymph nodes and subjected to parallel hybridization with the same "cytokine" cDNA array.
RESULTS

Case Report
The patient was a 25-year-old white male who presented with a left neck mass in November 1996. Radiographic studies revealed a dominant galliumavid nodal-based left perithyroidal mass and multiple mildly enlarged lymph nodes in the inferior/ deep jugular area. There was no radiographic evidence of lung involvement, abdominal disease or soft tissue or bony abnormalities. Biopsy revealed a malignant neoplasm, and the patient was referred to UT-M. D. Anderson Cancer Center for definitive resection. Partial thyroidectomy, thymectomy, bilateral selective neck and superior mediastinal lymph node dissection demonstrated tumor involvement of multiple regional lymph nodes, including bilateral cervical, mediastinal, paratracheal and paraesophageal areas. Thyroid and thymus were negative for tumor. Postoperatively, the patient received six cycles of cyclophosphamide, doxorubicin, vincristine, and prednisolone chemotherapy and radiation to the anterior neck and chest (total of 40 Gy in 22 fractions). The patient represented in October 2000 with evidence of a recurrent superior mediastinal mass. Resection documented multifocal involvement of regional lymph nodes, predominantly paratracheal and paracaval, with no evidence of extranodal disease. The patient is currently 54 months following initial presentation undergoing adjuvant chemotherapy with ifosfamide and VP-16 with no radiologic evidence of recurrence.
Histologic and Ultrastructural Findings
The initial biopsy, resection and recurrence specimens showed similar histologic features. Numerous lymph nodes were partially to completely effaced by a tumor with mixed spindle, epithelioid and dendritic morphology. Tumor cells had vesicular nuclei with prominent nucleoli and long cytoplasmic processes that enveloped numerous small lymphocytes (Fig. 1) . Focally, tumor cells showed nodular aggregation simulating follicles. The mitotic count was 25 and 21 per 10 high power fields in the initial and recurrent biopsy, respectively. No histologic involvement of the thymus or thyroid glands was seen. In the tumor recurrence, one 3 cm involved lymph node was completely necrotic. Cytologic features assessed on touch preparations of the tumor recurrence revealed large, polygonal cells with eosinophilic cytoplasm and delicate dendritic processes, in a background of small round lymphocytes (Fig. 2) .
Ultrastructural analysis was performed on both the initial and recurrent tumor. Elongate, tightly packed tumor cells were noted that had abundant interdigitating cytoplasmic processes and frequent well-developed desmosomes (Fig. 3) . Basal lamina, tonofilaments, melanosomes and secretory granules were absent. Ultrastructural analysis of the recurrent tumor showed similar features with welldeveloped desmosomes and cell processes but with more prominent nucleoli and more frequent interspersed lymphoid cells (not shown). Immunophenotypic Findings (see Table 1 )
Tumor cells in both the initial biopsy and reexcision specimens were negative for the FDCassociated markers CD21, CD23, CNA.42 and CD35, which were positive only in adjacent residual reactive follicles (17, 18 ). An expanded immunohistochemical profile done on the recurrence showed that the neoplastic cells were strongly positive for vimentin, CD40 and VCAM-1 with rare cells positive for the actin-bundling protein, fascin (Fig. 4 and data not shown). VCAM-1 staining was most prominent in tumor cells with a dendritic appearance and CD40 was strongest in those areas with an epithelioid morphology. The tumor cells were negative for CD3, CD5, CD20, CD31, keratin cocktail, desmin, ALK, S-100, smooth muscle actin, and HHF-35. Rare tumor cells were positive for CD45RB/LCA. Table 1 
A remarkable feature of the tumor in both the initial and recurrent specimens was the presence of numerous admixed non-neoplastic lymphocytes. These cells were most prominent in the spindled/ dendritic tumor cells (Fig. 4A) and were almost all CD20-positive B-lymphocytes. Most of these tumor-associated B cells coexpressed the activation markers CD23 and CD40 and were negative for CD5 (not shown).
Cytogenetic Findings
Metaphases prepared from short-term stromal cultures revealed multiple complex clonal chromosomal aberrations in 20 of 24 analyzed metaphases, including hypertetraploid (chromosome number 101-116), hyperdiploid (chromosome number 55-57) and pseudodiploid populations. Given the complexity of the karyotype, spectral analysis was done to assist with assignment of chromosomal order. SKY detected variations in individual chromosome copy number as well as multiple clonal chromosomal rearrangements including three-way translocations involving chromosomes 6, 9, and 17 and chromosomes 2, 6, and 13, and translocations involving X and 7, 1 and 20, 2 and 22, 10 and 15, 14 and 16, 11 and 15, and 21 and 22. The display image from a SKY analysis of one such hypertetraploid tumor cell is shown in Figure 5 . The t(X;7) and t(21;22) translocations were also clearly seen in the G-banded karyotype, and involved del(X)(p11.4) and add (21)(p11.2). Some of the remaining translocations and marker chromosomes were too complex to be recognized by conventional analysis.
Gene Expression Analysis
We performed cDNA microarray analysis on RNA isolated from short-term cultures of tumor cells to assess expression of 375 well-characterized adhesion and growth regulatory genes. Transcript level measured by signal strength on the array was compared with immunohistochemical expression of certain markers in the cultured tumor cells and the original tumor sample for validation (summarized in Table 1) .
Aside from housekeeping genes and some integrin receptors, cultured tumor cells showed the most intense hybridization signals for genes characteristically expressed in mesenchymal cells/fibroblasts including the adhesion molecules cadherin-11, decorin and endoglin (CD105), the insulin growth factor binding proteins 4 -8, the metalloproteinases MMP-1, MMP-14, TIMP-1, TIMP-2 and TIMP-3, and the receptor tyrosine kinases PDGFR-␣ and -␤, oncostatin receptor beta and bone morphogenetic receptor IIA. All of these genes were also highly transcribed in four FRC stromal cultures established from four different non-neoplastic lymph nodes (data not shown). In contrast, most arrayed genes characteristic of normal FDC showed low or undetectable signals in the tumor cell sample, including CD21, IL-13 receptor, and the FDC-associated chemokine BLC/BCA-1 (21) . Transcription of the lymphocyte chemoattractants MCP-1, MIP-3␤, and SDF-1 was also noted in both tumor and non-neoplastic FRC stromal samples.
Of the 375 tested, the adhesion molecules N-cadherin and Intercellular adhesion molecule-3 (highly expressed in normal FDC [19, 20] ) were the only two genes whose signal was more than 5-fold higher in the tumor cultures as compared with the nodal fibroblast cultures. No arrayed genes were noted that were highly transcribed in the nonneoplastic nodal fibroblastic cultures but not in the tumor sample.
For most tested genes, the results of immunostaining of fresh cultured tumor cells correlated with the level of transcripts detected by cDNA array and the immunostaining results on the histologic sections from the tumor. We confirmed expression of vimentin, PDGFR-␣, and CD105 (weak) and absence of staining for CD21 and CD23 in the cultures and the tumor tissue.
The immunostaining pattern in the tumor cultures did show some differences compared with the in vitro tumor cultures. In particular, we noted an absence of immunostaining (and only a weak hybridization signal on the array) for both CD40 and VCAM-1 despite the strong immunostaining for these markers in a subset of the original tumor cells (Fig. 4) . These results indicate that there was either 
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Expression pattern in tumor and normal stromal populations derived from immunohistochemical staining of paraffin sections of tumor and non-neoplastic human lymph node and tonsil samples. Immunoreactivity graded as ϩϩ (uniform, strong), ϩ (partial or moderate), vϩ (variable, weak), and Ϫ (negative).
a Expression patterns for FDC and IDC sarcomas based on consensus of previously reported cases (8, 12, 17, 22, 23, 26, 27, 30, 44, 45) . b Indicates that immunohistochemical staining pattern was correlated with that seen by cDNA array transcriptional analysis of short-term stromal cell cultures of tumor and of fibroblastic stroma from non-neoplastic lymph node. See text for more details. 
DISCUSSION
We present a case of a recurrent lymph node spindle cell tumor arising in a young man that shows mixed features of FDC and FRC sarcoma. The differential diagnosis of nodal sarcoma includes both primary tumors (FDC, FRC, IDC, and inflammatory myofibroblastic tumors) and metastatic soft tissue tumors. In this case, the multifocal involvement of numerous lymph nodes and absence of any extranodal lesions over the 3-year disease course strongly argues for primary nodal origin. Given the mediastinal location, sarcomatoid thymic carcinoma was a diagnostic consideration but was excluded based on absence of keratin immunostaining and the resected uninvolved thymus. Inflammatory myofibroblastic tumor and IDC sarcoma were excluded based on morphologic features and the absence of smooth-muscle actin, ALK and S100 staining, respectively.
Among nodal sarcomas, ultrastructural features traditionally have been used as the most definitive evidence of differentiation. FDC sarcomas are characterized by interdigitating spindle cells with welldeveloped desmosomes and a lack of cytoplasmic filaments (8, 22, 23) . IDC sarcomas typically have branching and interdigitating processes with an absence of cell junctions (9, 10) . Ultrastructural studies on nodal FRC sarcoma are few and have shown variable features (14, 15, 24) . The keratin-positive subset of FRC sarcoma can apparently show both desmosomes and tonofilaments (13, 15) . A characteristic feature of non-neoplastic FRC is their envelopment of extracellular collagen/reticular fibers; FRC can also show variable myofibroblastic features with dense bodies (4) . Ultrastructural features of other specialized nodal stromal populations, such as sinusoidal lining cells have been reported (25) , but tumors postulated to arise from these subsets have not been reported to date. In the current case, the presence of numerous desmosomes and the absence of tonofilaments or ultrastructural features of myofibroblasts (e.g., dense bodies and basal lamina) or fibroblasts (e.g., abundant collagen or prominent endoplasmic reticulum) are most similar to FDC sarcoma.
Immunophenotypic studies have demonstrated reproducible patterns of differential antigen expression in nodal sarcomas. Like their non-neoplastic counterpart, FDC sarcomas have shown strong uni- form positivity for CD21, CD23 and CD35 in nearly all reported cases (8, 22, 26, 27) . In these tumors, CD21 staining is detected with antibodies (e.g., DRC-1, R4/23 and Ki-M4) that preferentially recognize the FDC-associated isoform (CD21L) that is not expressed by B cells (26, 28, 29) . Only a few cases with morphologic features of FDC sarcoma have been reported that lack both CD21 and CD35 immunoreactivity (17, 30) . Some investigators have reported expression of CD45 (weak), B cell markers CD19, CD20, CD22, EMA or CD4 on cases of FDC sarcoma (8, 27) . It is likely, however, that some of these lymphoid-associated antigens are not produced by the tumor cells but are present on the numerous intermixed reactive cells or displayed/ absorbed on the surface of the tumor. Single cell expression studies have not detected the transcription of a number of these lymphoid markers in normal FDC (31) . The range of antigen expression in FRC sarcoma has not been well defined. Nonneoplastic nodal FRC show uniform positivity for vimentin with subsets positive for actin, desmin, CD68 and keratin (32) (33) (34) (35) (36) . However, the markers vimentin and CD68, also expressed in this case, are not lineage-specific and can be expressed in a variety of nodal sarcomas (see Table 1 ).
The case presented here had no immunohistochemical evidence of well-defined markers of FDC differentiation, such as CD21, CD23, or CD35. Tumor cells did express CD40 and CD106/VCAM-1; two markers strongly expressed in normal FDC but at lower levels in most fibroblasts. However, the range of other highly expressed genes in cultured tumor cells was nearly identical to that seen in non-neoplastic nodal fibroblasts and supports a FRC sarcoma phenotype. The cytokine and chemokine profile of the cultured tumor cells was also similar to the FRC cultures with absence of transcription of the FDC-associated chemokine BLC/ BCA-1 (21) and the cytokine receptor IL-13 receptor. We did note some modulation of expression of some genes in the short-term tumor cultures as has been previously shown for cultured FDC (37) (38) (39) . Nonetheless, we noted a good correlation between the staining patterns of other markers by immunostains on sections of the tumor and the transcription detected by cDNA arrays on cultured material.
Karyotypic analysis of the tumor recurrence revealed multiple complex clonal aberrations, many of which were not initially interpretable on conventional G-banding. SKY analysis was helpful in uncovering the chromosomal partners in a number of translocations. However, even with this technique, the origin of some of the aberrant chromosomes could not be identified (listed as markers in Fig. 5 ). To our knowledge, this is the first karyotype of a nodal sarcoma reported so no comparison with previous tumors could be made. The specific reciprocal rearrangements seen here are not typical of any other sarcoma type.
In this tumor, we have noted numerous admixed non-neoplastic B cells expressing CD23, in both the primary sample and tumor recurrence. Previous studies have noted that admixed reactive lymphocytes are a consistent feature of FDC sarcoma but have not commented on the phenotype of these cells. This finding, which is reminiscent of the association of follicular B-cells with FDC, could be mediated by tumor cell expression of B-cell proliferative, chemotactic or adhesive factors. In this regard, we detected high level transcription of the B-cell growth-stimulatory cytokine IL-6, but an absence of transcription for the FDC-associated chemokine, BLC/BCA-1, involved in B cell homing to the follicle (21) . Transcription of two other B-cell chemoattractants, stromal derived factor-1 (SDF-1) and MIP-3␤ was noted, however, in the tumor cultures. Finally, especially in the more dendritic areas of the tumor, we noted high level expression of VCAM-1, which has a primary role in mediating binding of VLA-4-expressing B-cells to FDC in the germinal center (40) .
The histogenesis of FDCs remains controversial. Ultrastructural comparisons and mouse bone marrow transplantation studies have favored differentiation from local populations of mesenchymal cells (i.e., FRCs or mesenchymal precursors) (5, 41). Tissue culture studies have shown that cytokines can induce expression of FDC markers in undifferentiated mesenchymal cells (42, 43) . Our case is of interest in this regard because the morphologic and ultrastructural appearances of the tumor are most similar to FDC sarcoma. However, the antigen expression profile lacks many features of FDC and is more consistent with a fibroblastic phenotype. This tumor highlights the relationship between these reticular cell types and demonstrates that stromal cell sarcomas with a mixed lineage and/or intermediate differentiation occur and may be more common than previously recognized. Complete delineation of the differences between FDC and FRC sarcoma will await further characterization of the phenotype of their non-neoplastic lymph node counterparts. It is likely that the phenotypic variation exhibited by nodal sarcomas will be reflected by phenotypic diversity in these normal nodal stromal populations.
